Microbiomes perform vital functions for their mammalian hosts, making them potential drivers 30 of host evolution. Understanding effects of environmental factors and host characteristics on the 31 composition and biodiversity of microbiomes may provide novel insights into the origin and 32 maintenance of these symbiotic relationships. Our goals were to (1) characterize biodiversity of 33 oral and rectal microbiomes of bats in Puerto Rico; and (2) determine the effects of geographic 34 location and host characteristics on that biodiversity. We collected bats and their microbiomes 35 from 3 sites, and used 4 metrics (species richness, Shannon diversity, Camargo evenness, 36
been studied in wild animals (but see [15] ) even though such studies are critical for advancing 142 evolutionary ecology in general [38] . 143
Studies rarely have sufficient sample sizes from multiple locations, species, or foraging 144 guilds to powerfully and simultaneously address multiple factors that affect microbiome 145 composition or biodiversity in bats (but see [15] ). Moreover, studies are lacking that 146 simultaneous consider effects of environmental and host factors on microbiomes from multiple 147 sources (e.g. oral cavity). To address these issues, we collected oral and rectal samples from bats 148 captured at three locations (hereafter called "sites") in Puerto Rico. We evaluated the relative 149 importance of site, host sex, host species identity, and host foraging guild on microbiome 150 biodiversity from oral and rectal samples. We used a hierarchical analytical design to evaluate 151 these factors (Fig. 1) . First, for each host species with sufficient sample sizes from multiple 152 caves, we evaluated effects of site (i.e. host population) and host sex on microbiome biodiversity. 153 Second, we evaluated the effect of host species identity on microbiome biodiversity separately 154 for bats within each of two broadly defined foraging guilds. Finally, we evaluated the effect of 155 host foraging guild (carnivores versus herbivores) on microbiome biodiversity. 156 We expected factors that mold patterns in oral microbiomes to be different from those 157 that mold such patterns in rectal microbiomes. More specifically, we expected dietary guild to 158 have a larger impact on the biodiversity of rectal microbiomes than on that of oral microbiomes 159 because sources of nutrients and energy (fats, carbohydrates, proteins) have a dominant effect on 160 the composition and diversity of microbiomes associated with the digestive tract [8] . In contrast, 161 we expected biodiversity of the oral microbiome, but not that of the rectal microbiome, to 162 respond to host species identity and geographical site because oral microbiomes are affected 163 primarily by the interactions with the epithelia and exposure to local habitats (e.g. roost 164 locations, animals that share a roost, hot cave versus cold cave). 165 166 METHODS 167
Study area and sample collection 168
Field work was conducted at three sites (Mata de Plátano, Río Encantado, and Aguas Buenas) in 169
Puerto Rico (Fig. 2) , Each is in an area characterized by limestone formations (karst region), in 170 which weathering has produced ridges, towers, fissures, sinkholes, and caves throughout the 171 landscape. Although bats captured in a location may not be roosting in a single cave, all are 172 using the same habitats and resources, meeting the criteria for a population. 173
The majority of sampling was conducted on the Mata de Plátano Nature Reserve 174 (operated by InterAmerican University, Bayamon, Puerto Rico) in north-central Puerto Rico (18° 175 24.87' N, 66° 43.53' W). Mata de Plátano harbors two adjacent, well-studied caves (Culebrones 176 and Larva). Culebrones is a structurally complex hot cave, with temperatures reaching 40 °C and 177 relative humidity at 100%. It is home to about 300,000 bats representing six species [39]: three 178 carnivores (P quadridens, P. parnellii, M. blainvillii) and three herbivores (M. redmani, E. 179 sezekorni, B. cavernarum). Bats were sampled at Culebrones for 28 nights from June to August 180 2017. A harp trap was placed at sunset immediately outside the cave opening and monitored 181 continually until the maximum number of bats that could be processed in a single night was 182 captured. The harp trap was used at Culebrones because the cave has a single, small opening, 183 that funnels hundreds of thousands of bats through a small space as bats emerge during and after 184 sunset. 185
Larva is a cold cave that is much smaller, cooler, and less structurally complex than 186
Culebrones. Only a small number of bats (30-200) representing two species (A. jamaicensis and 187 E. fuscus) roost in the cave. Bats were sampled from Larva on seven occasions from June to 188 August of 2017, using two different techniques. After sunset, mist nets were placed along a trail 189 outside of the cave entrance and were checked at least every ten minutes. Because few 190 individuals were captured with mist nets, hand nets were used to capture bats inside the cave to 191 increase sample sizes. 192
Río Encantado is home to Ramon Cave (18° 21.41' N, 66° 32.36' W), a large, cool cave 193 known to support a single bat species, A. jamaicensis [33] . The cave is 10 km southeast of Mata 194 de Plátano and is associated with an extensive underground river system. The underground river 195 has many openings throughout its range, but only a single opening exists at this location. 196
Habitats surrounding Ramon Cave are owned and protected by a non-profit organization (Para la 197 Naturaleza). Bats were sampled at Río Encantado on six nights during July of 2017. A harp trap 198 was placed near the cave entrance and mist nets were placed along the trail leading to the cave. 199
Harp traps were monitored continually, and mist nets were checked at least every 10 minutes. 200
Bats were captured from sunset until the maximum number of bats that could be processed in a 201 single night was collected. 202
Aguas Buenas is a cool cave that is located 70 km southeast of Mata bats were captured using mist nets at each of the two major flyways from the cave: along the trail 208 to the cave and across the river outside of the cave. Nets were opened at sunset and monitored at 209 least every 10 minutes until approximately 01:00 or until the maximum number of bats that 210 could be processed in a single night was collected. 211
Species identity, sex, reproductive status and mass were determined for each captured 212 individual prior to placement in a cotton holding bag. Separate, clean cotton-tipped swabs were 213 used to collect saliva from the mouth or feces from the rectum and anal region of each bat. Amplified Sequence Variants (ASV) and taxonomy tables. The forward and reverse reads were 241 trimmed to 240 and 200 bp, respectively, and truncated using Q=11 and no Ns were allowed. 242
The taxonomy was assigned to each ASV using silva_nr_v128. The phangorn package [44] was 243 used to generate phylogenetic trees from ASV tables. Further analyses and sample filtering were 244 performed in phyloseq [44] . Using the rarefy_even_depth function in phyloseq, microbiome 245 count data were rarefied to sequencing depths of 1,000, 5,000, and 10,000 reads. Data were 246 rarefied to these three levels to optimize microbiome sampling completeness, while trying to 247 maximize sample sizes for analyses of effects related to host sex, host species, host guild, and 248 geographical location. A sequencing depth of 1,000 reads was selected as minimum depth to 249 retain the greatest number of samples for analyses, but this level discards a large amount of data 250 from many samples and may include samples that are relatively poorly characterized. Increasing 251 sequencing depth reduces the number of samples that meet the minimum requirements, resulting 252 in reduced statistical power, but increases the relative completeness and number of rare ASVs 253 included in samples. This represents a trade-off of statistical power for confidence in the 254 characterization of the microbiome samples. 255
Quantitative Analysis 257
Separately for oral and rectal samples from each host individual, we quantified microbiome 258 biodiversity using four metrics based on ASVs: richness, Shannon diversity [46], Camargo's 259 evenness [47] , and Berger-Parker dominance [48] . Hereafter, we refer to these metrics simply as 260 "richness", "diversity", "evenness", and "dominance", and use "biodiversity" to refer to the 261 general concept that comprises all 4 metrics. Each metric was expressed as Hill numbers, which 262 are transformations based on relative abundances [48, 49] . Within the context of ASVs, Hill 263 numbers are based on the relative number of reads that represent each ASV. Importantly, Hill 264 numbers for all metrics are on the same scale (i.e. from 1 to richness) and in the same units 265 (effective number of ASVs), which is defined as the number of equally abundant ASVs required 266 to achieve the empirical value of a metric. Greater values for any Hill number represent greater 267 biodiversity, including for dominance (i.e. larger values for Hill-transformed dominance indicate 268 low dominance and greater biodiversity). 269
We used a 2-way analysis of variance (ANOVA) with type II sums of squares to evaluate 270 effects of site (i.e. host population) and host sex for each host species that was represented by 271 more than 1 population. Site and host sex were model I (fixed) treatment factors. Artibeus 272 jamaicensis was captured at all three caves; B. cavernarum, E. sezekorni and P. quadridens were 273 captured at Mata de Plátano and Río Encantado; and M. redmani was captured at Mata de 274 Plátano and Aguas Buenas. For each host species without sufficient samples from multiple 275 caves, but with samples for each sex, we used a general linear model (GLMM) to evaluate 276 differences in microbiome biodiversity between males and females with host sex as a fixed effect 277 and site as a random factor (i.e. model II treatment factor). Use of site as a random factor 278 controlled for geographic variation to more powerfully evaluate differences between sexes in 279 microbiome biodiversity 280
We used GLMMs to evaluate differences in microbiome biodiversity among host species 281 for each guild (i.e. only among carnivorous species and only among herbivorous species) and 282 between host guilds. Host species or host guild was a fixed effect and site was modeled as a 283 random factor. Use of site as a random factor controlled for geographic variation to more 284 powerfully evaluate species-or guild-level differences in microbiome biodiversity. For each 285 GLMM that identified a significant difference in microbiome biodiversity between host species 286 with a guild, we conducted a posteriori tests (Tukey's test with a Holm-Šidák adjustment) to 287 identify consistent differences between all possible pairs of host species. Because such a 288 posteriori tests are less powerful than their associated GLMM and are protected in the sense that 289 a posteriori tests were only executed when GLMMs were significant (α ≤ 0.05), we considered P 290 ≤ 0.10 as evidence for significant pairwise differences. 291
For all analytical approaches, oral and rectal microbiomes were evaluated separately for 292 each sequencing depth (i.e. 1,000, 5,000, and 10,000 reads) and analyses were conducted 293 separately for each metric of biodiversity. For analyses based on host foraging guild, all host 294 species were included to best represent variation associated with all carnivorous or herbivorous 295 hosts. Because sample sizes decreased with increasing sequencing depth, the number of host 296 species sometimes declined with greater sequencing depth. sampling, we used swabs to sample microbiomes, especially for the smaller species whose size 313 made it challenging to extract sufficient amounts of microbial DNA for analysis. We obtained 314 reasonable representation of the microbiomes (i.e. sequence depths > 1,000 reads) from less than 315 half of those samples. Specifically, 136, 111, and 94 oral samples yielded sequencing depths of 316 at least 1,000, 5,000, and 10,000 reads, respectively; and 157, 122, and 106 rectal samples 317 yielded sequencing depths of at least 1,000, 5,000, and 10,000 reads, respectively. 318
Oral microbiomes comprised 2,114, 2,282, and 1,973 ASVs in samples with sequencing 319 depths of 1,000, 5,000, and 10,000 reads, respectively. Rectal microbiomes comprised 2,986, 320 4,035, and 4,026 ASVs in samples with sequencing depths of 1,000, 5,000, and 10,000 reads, 321 respectively. The reduction in number of ASVs between sequencing depths of 5,000 and 10,000 322 is due to the smaller number of samples available for analysis. 323
Bacteria represented over 98.8% of the ASVs in oral and rectal microbiomes from each 324 host species. Archaea comprised the remainder of the microbiomes, occurring in the oral 325 microbiomes of 8 of 10 host species (all but N. leporinus and S. rufum) and in the rectal 326 microbiomes of 9 of 10 host species (all but S. rufum). 327
In aggregate, 37 and 36 phyla were identified from oral and rectal microbiomes, 328 respectively; however, most of these taxa were represented by few ASVs and few reads of those 329
ASVs. Only 16 and 14 phyla were represented by at least 5 ASVs from oral and rectal samples, 330 respectively. Oral microbiomes were dominated by Actinobacteria (30.6% of all reads), 331
Bacteroidetes (15.4%), and Firmicutes (29.2%). Actinobacteria was the most abundant phylum 332 in oral microbiomes of 5 host species, including all 3 mormoopids, and 2 phyllostomids (a 333 nectarivore and frugivore), whereas Firmicutes was the most abundant phylum in oral 334 microbiomes of the remaining 5 host species, including the noctilionid, vespertilionid, and 3 335 phyllostomids (a frugivore and 2 generalist herbivores). 336
Rectal microbiomes were dominated by Actinobacteria (15.9% of all reads), 337
Bacteroidetes (9.8%), Firmicutes (19.2%), and Proteobacteria (43.3%). The dominant phylum in 338 rectal microbiomes (Proteobacteria) represented only 0.4% of oral microbiomes, but was the 339 most abundant phylum in the rectal microbiomes of 9 host species, except for E. fuscus, for 340 which Actinobacteria was the most abundant taxon. 341
Biodiversity was highly variable among individuals within each host species regardless 342 of sequencing depth. Using sequencing depth of 1,000 as an example, maximum richness from 343 an individual host for oral microbiomes was 3 to 38 (mean of 11) times greater than the 344 minimum richness within host species. Similarly, maximum richness of rectal microbiomes from 345 an individual host was 3 to 33 (mean of 9) times greater than the minimum within host species. 346
Similar variation was observed within each host species for oral diversity (maximum 3 to 56 347 times that of the minimum, with a mean of 17) rectal diversity (maximum 3 to 57 times that of 348 the minimum, with a mean of 20), oral evenness (maximum 2 to 55 times that of the minimum, 349 with a mean of 17), rectal evenness (maximum 3 to 58 times that of the minimum, with a mean 350 of 21), oral dominance (maximum 2 to 18 times that of the minimum, with a mean of 7), and 351 rectal dominance (maximum 2 to 11 times that of the minimum, with a mean of 6). 352
The oral microbiome exhibited greater biodiversity than did the rectal microbiome in four 353 host species, including 2 insectivorous mormoopids (M. blainvillii and P. parnellii) that harbor 354 high microbiome biodiversity and 2 frugivorous phyllostomids (A. jamaicensis and E. sezekorni) 355 that harbor low microbiome biodiversity (Table 1 ). In general, biodiversity of the more 356 biodiverse microbiome (oral or rectal) was less than twice as great as its companion microbiome; 357 however, E. fuscus (an insectivore) harbored rectal microbiomes that were more than 4 times as 358 biodiverse as its oral microbiomes. 359
As expected, microbiome biodiversity increased as sequencing depth increased (Table 1) Encantado and Mata de Plátano, differences in oral microbiome biodiversity did not manifest 375 between sites; however, rectal microbiome biodiversity was typically greater at Río Encantado 376 than at Mata de Plátano (Fig. 4 ). Microbiome biodiversity from M. redmani did not differ 377 between sites. 378
Within each host guild, host species differed in oral microbiome biodiversity at each 379 sequence depth; however, interspecific host differences in rectal microbiome biodiversity 380 decreased with increasing sequence depth. We have stronger evidence for consistent species-381 specific differences in oral microbiome biodiversity within each guild than for species-specific 382 difference in rectal microbiome biodiversity within each guild (Table S1 ). In contrast, no 383 evidence suggests that guild-specific differences in oral microbiome biodiversity exist, whereas 384 rectal microbiome biodiversity differed significantly between guilds ( Greater microbiome biodiversity in a host species could arise in two ways: 1) an increase 399 in the number of Phyla or Classes of microbes found in the microbiome, or 2) an increase in the 400 number of ASVs that belong to the same Phyla or Classes of microbes (i.e. not an increase in 401 higher level taxonomic biodiversity). For both oral and rectal microbiomes, the latter scenario 402 occurred. Host species with greater microbiome biodiversity (e.g. P. parnellii, P. quadridens, M. 
Effects of geographical location 433
Despite the potential for environmental factors (e.g. roost environment, abundance and diversity 434 of hosts in the roost) to affect oral microbiome biodiversity, only A. jamaicensis exhibited site-435 specific differences in oral microbiome biodiversity (Table 2; Figs 2 & 3) . These differences 436 may be related to population size or to host species diversity in associated roosts. Oral 437 microbiomes from A. jamaicensis in Río Encantado had the greatest biodiversity, whereas those 438 from Mata de Plátano (Larva Cave) had the lowest biodiversity. The population of A. 439 jamaicensis at Río Encantado was greater than at other locations, and especially compared to 440 Mata de Plátano. Moreover, the number of bats and bat species was much greater at other caves 441 than at Larva, where A. jamaicensis roosts at Mata de Plátano. Of course, populations sizes 442 differed among sites for other host species without significant differences in oral microbiome 443 biodiversity. This suggests that host abundance may not be the major factor determining oral 444 microbiome biodiversity. In general, intraspecific variation in oral microbiome composition and 445 biodiversity is high and may rival interspecific variation. 446
Rectal microbiomes of each host species exhibited site-specific variation in biodiversity 447 (Table 2; beyond the scope of this study, our results strongly suggest that spatial variation must be 460 considered when evaluating aspects of microbiome biodiversity, especially for rectal 461 microbiomes. 462 463
Effects of host species or guild on biodiversity of oral microbiomes 464
Within each host guild, species-specific differences characterized biodiversity of oral 465 microbiomes. In contrast, guild-specific differences did not characterize oral microbiomes (Table  466 3). This combination of results indicates that oral microbiome biodiversity is unrelated to host 467 diet for Puerto Rican bats. For carnivores, nearly all pairwise comparisons of oral microbiome 468 biodiversity between host species were significant (Table S1) 
Effects of host species or guild on biodiversity of rectal microbiomes 486
Species-specific differences with host guilds exhibited 2 patterns: (1) species-specific differences 487 were more consistent at lower sequencing depths than at greater sequencing depths and (2) 488 species-specific differences were observed more consistently between species of herbivore than 489 between species of carnivore (Table 3 ). In contrast, consistent differences in biodiversity 490 occurred between the rectal microbiomes of carnivorous and herbivorous foraging guilds (Table  491 3). In concert, these results suggest that the biodiversity of rectal microbiomes is related to host 492 diet. Regardless of metric, the biodiversity of rectal microbiomes of carnivorous bats (mostly 493 insectivores) were nearly twice as great as those from herbivorous (mostly frugivores) bats 494 (Table 1 ; Fig. 5 ). Importantly, the lack of species-specific differences in biodiversity within host 495 foraging guilds in some cases does not suggest that the composition of rectal microbiomes does 496 not differ among species within a guild. Indeed, microbe composition may differ among host 497 species within a guild, with different microbe taxa performing the same function in different host 498 species. However, the number of microbial taxa that a host supports may be contingent on the 499 general diet of the host species (i.e. the number and kinds of functions a host requires of its 500 microbiome). This is consistent with findings from a soil and plant microbiome assembly 501 experiment in which metacommunities contained fixed fractions of coexisting families that were 502 determined by the available carbon source [59]. Despite consistent higher level (Familial) 503 structure, these assembled microbiomes exhibited great variation in taxonomic composition with 504 the same functions performed in each microbiome but done so by different confamilial taxa. 505
Microbiomes associated with the digestive system from insectivorous bats are more 506 biodiverse than their herbivorous counterparts in Guatemala [9], Mexico [13], and Puerto Rico 507 (Tables 1 and 3 ). Greater microbiome biodiversity in carnivorous bats contrasts with theory 508 based on the study of a wide array of mammals (e.g. ruminants, primates, carnivores). Three numbers based separately on oral and rectal microbiomes for Artibeus jamaicensis at each of 723 three sites (i.e. Aguas Buenas, Mata de Plátano, and Río Encantado) at sequencing depths of 724 1,000, 5,000, or 10,000 reads. In general, metrics of biodiversity for oral microbiomes were least 725 at Mata de Plátano compared to other sites. For rectal microbiomes, only richness differed 726 among sites, with Río Encantado exhibiting the greatest biodiversity. See Table 1 for details. 727 Erophylla sezekorni, and Pteronotus quadridens from each of two sites (i.e. Mata de Plátano and 731
Río Encantado) at sequencing depths of 1,000, 5,000, or 10,000 reads. No significant differences 732 between sites characterized the aspects of biodiversity of the oral microbiome, whereas aspects 733 of rectal microbiome biodiversity were generally greater at Río Encantado than at Mata de 734
Plátano. See Table 1 for details. 735 numbers based separately on oral and rectal microbiomes for carnivorous and herbivorous bats at 738 sequencing depths of 1,000, 5,000, or 10,000 reads. In general, metrics of biodiversity did not 739 differ between foraging guilds for the oral microbiome, whereas metrics of biodiversity were 740 significantly greater in carnivores than in herbivores for the rectal microbiome. See Table 1 
